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However, stricter waste disposal legislation and higher landfill taxes are forcing the 27 water industry to look for more efficient disposal strategies. Landfill operators are also 28 increasingly reluctant to accept liquid sludge due to construction difficulties and the 29 potential for instability of the landfill slopes. 30
48
Stricter waste disposal legislation, higher landfill taxes and reluctance on behalf of 49 landfill operators to accept liquid sludge are forcing the water industry to look for more 50 efficient disposal strategies for ever increasing volumes of sewage sludge. The paper 51 advocates dedicated sludge-to-landfill operations which involve placing and compacting 52 the dewatered sludge in layers to achieve the maximum dry density, thereby 53 maximizing the operational life of the landfill. Potential environmental hazards, 54 including slope instability and large volumes of leachate associated with current 55 practice in which the liquid sludge is usually mixed with solid waste at municipal 56 landfills, are minimized using the design and construction recommendations presented. 57
58

INTRODUCTION 60 61
Sewage sludge is the slurry residue derived from wastewater treatment processes. More 62 stringent controls on the quality of wastewater discharges are giving rise to greater 63 when applied to the design of a sludge landfill, will help minimize potential 73 environmental hazards by increasing landfill stability and controlling leachate and 74 biogas generation. In the process, these procedures will maximize the storage capacity 75 and hence the operational life of a given sludge disposal site. The landfill design must 76 take account of the effects of digestion on the engineering properties of the sludge 77 material when determining the long-term factor of safety against instability of the 78 landfill slopes. 79 80
81
The current level of knowledge of the engineering and drying properties of sewage 82 sludge is limited. 1 The focus of this investigation was to determine the engineering and 83 drying properties of sewage sludge of various consistencies using standard soil 84 laboratory tests. Soil index tests, which characterize to some extent the engineering 85 behavior of the sludge material; compaction; shear strength and consolidation tests, 86
were conducted. Full descriptions of the laboratory tests are given by Head. Ireland, which serves an urban population of approximately 12,000. Treatment at the 94 plant involves anaerobic, activated digestion of the thickened sludge which has the 95 sludge.
5 Polyelectrolyte dosing of the digested sludge facilitated sludge dewatering to 97 approximately 720% water content using a belt filter press. Water content (WC) is 98 defined as the ratio of the mass of pore water to the mass of solid particles, expressed as 99 a percentage. In water treatment literature, sludge consistency is usually quantified in 100 terms of the solids content (SC), defined as the ratio of the mass of the solid phase to the 101 bulk sludge mass, also expressed as a percentage. Based on these definitions, water 102 content and solids content are related using Eq. 1. 
PHYSICAL PROPERTIES 108 109
The plasticity characteristics, particle size distribution, specific gravity of solids and 110 loss on ignition values for sewage sludge direct from the treatment plant are 111 summarized in Table 1 . The plasticity characteristics were evaluated based on the 112 results of Atterberg limit tests which yielded a liquid limit of 315% water content and a 113 plastic limit of 55% water content. The plasticity index of 260% is the difference 114 between the liquid limit and plastic limit values. Approximately 90% of the sludge dry 115 mass passed the 425µm sieve size when the sludge material was washed through that 116 sieve. Material retained on the sieve comprised grit and silt particles, organic fibers and 117 shredded plastic. The specific gravity of solids value of 1.55 was measured using the 118 pycnometer method. The loss on ignition (LOI) value, an indirect and reasonably 119 accurate measure of the soil organic content, was 70% dry mass for an ignition 120 85% water content, the sludge material is stiff and is difficult to compact. As the water 179 content is increased the sludge becomes more workable, facilitating compaction and 180 higher dry densities are achieved. At higher water contents, however, the dry density 181 decreases with increasing water content, with an increasing proportion of the sludge 182 volume being occupied by water. Optimum compaction is achieved at approximately 183 85% water content and produces a maximum dry density of 0.56 tonne/m 3 . Slightly 184 higher dry density values are obtained over the water content range for greater levels of 185 sludge digestion since the specific gravity of solids increases with higher levels of 186 sludge digestion (Figure 1 ). The test data is used to control, for example, the density of 187 sewage sludge disposed to landfill site. The storage capacity of the landfill is optimized 188 by compacting the sludge material to achieve the maximum insitu dry density which 189 The volumetric shrinkage, re-hydration and adhesion properties of the sludge material 206 were also measured. The shrinkage ratio, defined as the ratio of the change in volume of 207 the sludge material to the change in water content, is typically 1.34 for digested sludge. 208
The sludge material ceases to contract on drying at 10% water content, usually referred 209 to as the shrinkage limit. Free swell tests 10 indicated that dry sludge material has the 210 potential to approximately double in volume on re-hydration. This is pertinent, for 211 example, to the swelling behavior of thermally dried sludge pellets disposed to landfill. 212
However, re-hydration of the soil generally occurs very slowly. The lowest water 213 content at which the sludge material adheres to metal tools, often referred to as the 214 sticky limit, was determined as 95% water content. Handling operations and landfill 215 construction may prove difficult above approximately 95% water content due to the 216 tendency of the sludge to stick to machine plant. 217 The effective stress strength properties of the sludge material were determined using 263 triaxial compression tests and with measurement of the pore pressure response. The 264 tests were conducted on specimens, 38mm diameter by 76mm long, of moderately and 265 strongly digested sludge. The specimens were prepared from sludge cakes which had 266 been consolidated from the liquid state using a large hydraulic consolidation cell. 4 The 267 sludge cakes were pasteurized so that the triaxial specimens would remain in a saturated 268 state, thereby facilitating accurate measurement of the pore pressure response during the 269 sample shearing stage. The hydraulic consolidation cell containing the sludge cake was 270 gradually heated to 70 o C, maintained at this temperature for three hours before dropping 271 back to room temperature. The sludge cakes were allowed to swell inside the hydraulic 272 consolidation cell but without drainage of leachate during this stage. The triaxial 273 specimens were consolidated isotropically before shearing the samples. The specimens 274 were sheared very slowly, without drainage of the samples, at an axial compression rate 275 of 0.002% strain/minute which was sufficiently slow to allow all pore pressures to 276 equilibrate throughout the sample. The test results for the moderately and strongly 277 digested sludge were analyzed using the Mohr circle of effective stress analysis and the 278 Mohr-Coulomb failure envelope. The analysis for the moderately digested sludge is 279 presented in Figure 4 . Under a sustained load, for example, the overburden of the landfill material, the sludge 306 will undergo a volume reduction due to the extrusion of leachate. As the water content 307 decreases, the solids content of the sludge increases, the landfill subsides, and the shear 308 strength of the sludge increases. Test specimens of moderately and strongly digested 309 sludge of different consistencies, including compacted test specimens, were 310 consolidated one-dimensionally. In practice, additional treatment of the sewage sludge 311 can effectively prevent further digestion from occurring. Sludge digestion can be 312 hindered, for example, by the presence of heavy metals from industrial wastes which 313 may become mixed with the sewage sludge. Hence, pasteurized test specimens, which 314 were prepared in the laboratory, were also consolidated. 315
SHEAR STRENGTH
316
The consolidation properties were studied using the consolidometer apparatus and the 318 hydraulic consolidation cell.
3,4 Consolidation stages are usually of 24 hours duration. 319
However, for this test program, consolidation stages greater than 48 hours duration were 320 used to facilitate assessment, for example, of the long-term subsidence of sewage sludge 321 monofills. The rate at which pore pressure can build up due to the evolution of biogas 322 which may become trapped within the landfill body due to inadequate biogas and 323 leachate drainage systems was also studied. The sewage sludge is highly compressible with large compressive strains developing at 342 a fairly steady rate under an applied load. However, in general, the strain contributions 343 due to primary consolidation and secondary compression process cannot be easily 344 distinguished using standard strain-time curve fitting techniques. Primary consolidation 345 refers to the compression phase during which drainage and hence dissipation of the 346 excess pore pressure occurs. Secondary compression occurs due to creep and 347 decomposition of the soil structure after the excess pore pressure has virtually 348 slower with reducing water content. 
